We investigated the color characterization of LCDs because the workflow of the current ICC profile for display devices is inadequate for precisely managing the colors of LCDs due to the particular characteristics of the LCD components such as retardation, cross-talk, and non-linearity. To clarify these properties of theLCDs, we first investigated the characteristics of LCD components. In addition to the problem of primary color displacement,
Introduction
For the purpose of implementing the color management of CRTs, various studies cover many aspects including the examination of basic technologies1), performance assessment2) , and modeling3). The results of such studies are generally and widely utilized today as the color management specifications of display stipulated by the ICC (International Color Consortium) 4).
The color management specification, which is employed in the ICC profile, models color compensation in two stages as described in Fig.1 . The procedure is that it compensates first for the deviation of the color coordinates of primary colors and reference white of the display from the standard by using linear matrix computation and second, it compensates for the 7-characteristic of the display.
This model is expected to function successfully when the model is applied to well-calibrated high quality CRT that is placed in the dark room, since these displays must satisfy the proportionality law and the additivity law 4) at least for low frequencies, if not for the high frequencies 5).
In addition to the CRT, LCD has been widely accepted as one of a popular display. However, with regard to the present circumstances of the LCDs, because no systematic studies have been made on color management focusing on LCDs except for some reports regarding fundamental colorimetric characterization 6), calibration 7), considerations on contrast ratio 8) and luminance), in spite of different characteristics of LCDs from CRT, the study results of the CRT case are employed as they are.
Furthermore, an LCD that is installed in ordinary homes is not necessarily used in a special darkroom environment, which was considered as the premise by ICC.
Moreover, these apparatus is not always maintained at sufficient adjustment state.
Against this background, in this paper we focused on an actual LCD that is considered to spread out towards ordinary homes increasingly. First, we re-considered characteristics of the LCD from a viewpoint of characteristics of components. Then, we pointed out a fundamental prop-erty of the LCD that is clearly different from the CRT's.
In addition, we discussed a color management appropriate to the LCD focusing on a consideration of the property of LCD components.
Secondly, in consideration of an influence of an ambient light, we propose a color management of actual LCDs that were placed in an ordinary ambient light environment, in addition to a dark room.
Finally we discuss with a color management suitable for high quality LCD towards a high-definition imaging by LCDs.
. Reconsideration of LCD Characteristics from a Viewpoint of LCD Components
Since the real display device is not a perfect entity, an unmatched property between the ICC model and actual LCD has been pointed out 10). For example, displacement of the color coordinates of the primary colors and reference white of the LCD depend on the CV (code value) . If the color coordinates for primary colors and reference white vary depending on the CV, color conversion using a simple 3x3 matrix becomes difficult to achieve though this phenomena has been reported on LCDs typically").
In order to understand these problems essentially, it is necessary to study basic structure of the LCD in advance of the colorimetric evaluation. In this section, according to the characteristics of the components of the LCD, we explored basic properties of the LCD and pointed out which characteristics of the LCD should be considered as particular color management model for the LCD. This phenomenon, called retardation, is shown in Fig.2 .
Measured transmittance at the CV=255 was normalized to 1, and relative transmittance as a function of wavelength was plotted. Normalized relative transmittance of blue to red tends to increase at lower CV. In addition, especially around the wavelength from 450 to 500 [nm] where is correspond to blue, shape of the spectral distribution changes according to the change of CV.
Since LCD consists of a combination of this glass plate including the LC and a back lighting system, it is easily expected not to be able to obey the proportionality law.
As mentioned, although ICC assumes the proportionality and additivity laws, it is theoretically impossible to apply this assumption to the LCD directly. Furthermore, there are some other matters to be considered as third and fourth problem. These problems also suggest a matter of a matching between the characteristics of the LCD and the ICC model.
That is, the cut-off characteristics of the polarizer against the crossed nicol light slightly vary in terms of Table 1 Relationship between characteristics of these components and colorimetric measurement. the wavelength. Due to the factors stated above, the contrast ratio is subjected to certain restrictions.
Furthermore, electro-Optical response of the LCD tends to depend on the design of the source driver IC. As well known, electro-optical response of the LC material has a somewhat S shape characteristic. This S-shape characteristic has been converted into the typical y characteristics as compatible for the CRT by the source driver IC attached upon the glass plate directly. It is expected that the S-shape characteristics from the electro-optical response of the LCD might remain 12) if there were not a proper design for the driver IC.
Analysis of the Colorimetric Measurement of the LCD
In conjunction with all the characteristics of the components described in 2.1, we re-considered the color management of the LCD based on a colorimetric measuring such as contrast ratio, properties of the reference white and primary colors, cross-talk, and electro-optical response.
Contrast Ratio
This attribute basically depends on the characteristics of the polarizer and the LC panels that do not have ideal characteristics described above. Due to the non-ideal characteristics, the maximum contrast ratio of LCDs is no more than approximately 500 to 1.
In addition, the contrast ratio varies by the respective wavelengths, or by the respective channels of R,G and B.
Generally, the contrast ratio of the B channel is low, and the channel provides a large amount of leakage light.
This insufficiency of the contrast ratio causes displacement of the reference white and the primary colors as described next.
Displacement of the Reference White
Since the contrast ratio between RGB channels tends to differ from each other, the color coordinates of a display's reference white will vary subtly depending on the CV : In order to analyze it, we made a simulation about substitution of a leakage light measured. Fig.4 shows a result.
Substituting leakage light"), color temperature at lower CV can be corrected effectively. On the other hand, there are some displacements in mid gray remained. Although this displacement can be corrected easily by adjusting electro-optical response of blue channel carefully 10) 13) , this problem should be a fundamental problem concerning to the retardation, as mentioned below. In order to analyze it, we first removed the effects of the leakage light mathematically as same manner as As shown in the figure, the physical displacement of the primary colors by retardation is a problem which affects not only primary. colors itself but also reference white, and thus it is required to handle simultaneously.
(b) Displacement in appearance due to the limited contrast ratio of the LCD As mentioned earlier, the contrast ratio of 500 : 1 is equivalent to the fact that the leakage light with the intensity of 1/500 of the maximum transmittance is continuously superimposed on the displayed color.
Accordingly, when the primary color CV is reduced, the intensity of leakage light reaches a level that cannot be disregarded relative to that of the primary colors') . Since As mentioned above, the primary color of the LCD appears to displace depending on a contrast ratio and CV.
This displacement can be compensated if leakage light is deducted in advance). But only if the display model of the LCD is improved can, the leakage light be treated.
Cross-talk
A cross-talk between channels may be observed in a results of a spectra-colorimetric measurement. Fig.10 shows an example of a cross-talk from green channel to blue channel. Almost 5% of cross-talk can be observed.
Although the cross-talk has so far been taken up as a lack of additivity of the LCD colorimetrically6), this crosstalk should be handled as an essential subject of the color management of the LCD since the problem depends on the fundamental structure of the LCD. On the contrary, a target intensity at the CRT is influenced of the intensity of background, not only CV but also ratio in size of a target and a background. As for the LCD, it has been reported that the y does not vary in both cases 14).
In the LCD, on the other hand, some S-shape characteristics of the electro-optical response may remain 12), depending on the design of the driver IC. Therefore, from the engineering stand point of view, this problem in electro-optical response should be handled in the color profile of the LCD.
2. (1) The residual of S-shape on electro-optical response of the LCD").
(2) The leakage light due to the insufficient contrast ratio 6) (3) The lack of the additivity due to the cross-talk between the channels.
(4) The non-proportionality due to retardation.
Therefore these problems should be solved explicitly in the framework of the color management of the LCD.
Since the conventional ICC profile cannot describe such effects, it has been unable to provide effective color management for variety of the LCDs.
. Requirements for the Experiments of the Color Management of the LCDs
In order to evaluate an effect of the color management of the LCD strictly, following two points should be taken into account.
Matters on Measurement
LCD is a display using polarization. Therefore, the measurement will become difficult if a measurement instrument is influenced by polarization. Especially, when LCD is measured under an ambient light condition, it is necessary to take the polarization characteristic into consideration strictly, because ambient light that does not have the polarization characteristic is always superimposed to polarized displayed light. 
Matters on Quantization Error
According to the report regarding the visibility of the quantization error 15), it is required to quantize R : G : B=11 : 12 : 9 and higher in order to make quantization error less than AE<1.0 for entire color gamut of the ordinary display.
However, because of LCDs of only 8 bits per channel are realized actually, measurement including the quantization error that cannot be disregarded has been considered to be performed conventionally. In spite the influence of the leakage light described getting visible especially in low intensity, evaluations using the 8 bits system, which quantization error at low intensity can perceive easily16), were only performed6). Therefore, it may have been superimposed on the quantization error as a display error.
Experiments
In order to evaluate an effect of the color management strictly, free from the problems above, two kinds of experiments were initiated. In addition, we explored a possibility of an application of the color management of the LCD that is placed under an ambient light environment.
First, we made an experiment concerning the leakage light. It is reported that the displacement of primary color can be compensate good by deducting a leakage light6). This is applicable by adding the new term of leakage light to the workflow of ICC. However, an experiment that should be carried out here, which will be a kind of additional evaluation of the previous report', should take the subjects of above-mentioned bit depth and measurement into consideration strictly.
Since there are some problems other than leakage light in ordinal LCD, we made a special prototype LCD 16) for the color management examination. Though the intensity is not so high, the contrast ratio of this LCD is about 500 : 1. In addition, this LCD also has special characteristics :
(1) 10 bits per channel in bit depth, (2) no physical displacement of the primary colors and-(3) no residual of S-shape on y characteristic. Therefore, in this first experiment, it can deal only with the problem of leakage light. Table 2 shows a specification of the LCD.
Secondly, we made an experiment that was considering the non-linearity such as a lack of the additivity and nonproportionality of the LCD. For this experiment, the LCD used is an ordinary one which is with 8 bits per channel interface that has been widely spread into conventional office and home. The LCD is a commercially available one that has a non-linearity that can not be disregarded in practice, so that we have to take these phenomena into account.
Thirdly, we made an experiment to apply a color management considering the leakage light to an LCD that are placed under a light-environment. This is because the surface reflection of the display does not depend on the CV, and therefore, from the viewpoint of colorimetry, it may be handled in the manner equivalent to the abovestated leakage light. The LCD used was the special LCD stated in Table 2 above.
For all experiments, a measurement instruments that is not influenced by polarization was used for the measure- The problem that originates in low contrast ratio of the LCD was examined first. According to the previous work, it was reported that subtracting the leakage in advance made a good result6). Therefore, we took the same manner for the special LCD shown in Table 2. 4.1 Principle Suppose tri-stimulus value of the color [11] in the color coordinates of the (RGB) is (R1 G1 B1) . Then (R1 G1 B1) can be obtained through the 3x3 matrix computing by using the (X1 Y1 Z1) and the description based on the conventional ICC profile. The matrix can be immediately obtained through measurement in a dark room by entering sufficiently large CVs for primary colors of the (RGB) .
Conventionally, as described in Fig.1 , the color displayed was achieved by applying the y compensation to that value.
On the other hand, actual LCDs are subjected to the effects of leakage light, and they are forced to be in a situation that the black color is displaced to (X0 Y0Z0) by 0 (offset) . Accordingly, the color coordinates of actual LCDs will be (RGB) whose origin sits on this point. can easily be obtained in the same manner as stated above. When the value is displayed on the color coordinates (RGB) ' , the tri-stimulus value (X0 Yo Z0) of 0 will be added to enable the correct display of [T] . Obviously, one cannot correct for color instead to be darker than the leakage light.
Experiment
Corresponding to 10 bits per channel LCD, the color management system that calculated in 16 bits accuracy was developed as an experiment and evaluated. Fig.14 shows the color management system made :
(1) The color obtained through the measurement of leakage light of LCD shall be [O] , and the data in Table 2 Specifications of the prototype LCD. regarding the tri-stimulus value (X0 Y0 Z0) shall be added to the display ICC profile.
(2) For the CMS (Color Management System) , as described in Fig.13 , KZ() shall be subtracted in advance from the tri-stimulus value (XT YTZT) of the target color [T] , and then (R2 G2./32) shall be obtained so that the color can be displayed.
In order to evaluate the color management above, we made an experiment that was comparing two groups of color patches displayed on LCD placed under dark room.
The color patches at first group were displayed on LCD through conventional ICC profile color compensation in 8 bits per channel, and color patches at the second group were through experimentally developed color compensation procedure based on the profile and CMS described in 10 bits per channel.
Since differences between both color management systems should particularly occur at low L*, color reproduction of dark colors were compared in the experiment. The color of the color patches were designed at L*a*b* color space. 54 colors which were combination of 0, and for both a* and b*, and 2, also take into consideration the physical displacement of the primary colors and the residual of S-shape on y characteristic.
The algorithm shown in Fig. 14 is equivalent to performing a matrix operation of 3x4. Therefore, as long as LCD designed carefully was used, when performing the color compensation of 3x4 matrix operation, the color management of sufficient accuracy can be performed.
As mentioned above, in LCD without problems, such as retardation, significant improvement by consideration of leakage light can be achieved. (1) (1). were sampled uniformly within a color gamut of the LCD.
Results and Consideration
Experimental results, which were obtained from the same manner on Fig.15 , are shown in Fig.1 On the other hand, it is clear that there is a problem in a speed of calculation, if a high order matrix is used.
Developing an appropriate interpolation method using LUT for indexing, like printer model, would be needed.
. Third Experiment -color Management of
LCDs Considering an Ambient LightSince LCD will be widely used in ordinary homes without darkening the viewing room, the color management system that is for general assumption with suitable cost that can be used in such environment is required.
The color management considering leakage light can be expected to apply to displays under such situations. This is because the surface reflection of the display does not depend on the CV, and therefore, from the viewpoint of colorimetry, it may be handled in the manner equivalent to the above-stated leakage light.
In CRT, there is a report by which the influence of surface reflection was considered17). However, since LCD is a device that carries out the shutter of the light by LC, it operates by completely different principle from the CRT.
Therefore, the surface reflective characteristic of LCD to ambient light needs to be evaluated.
In spite of the surface reflection light will result in a reduced contrast ratio, it is reported that the contrast ratio of LCDs under an ambient light condition is superior to that of CRTs8). Therefore, assessments on actual LCD devices regarding how the reflection of ambient light will effect color on it, and evaluation of the operation of CMS evaluated in this paper are important from practical point of view.
In this section, we made an experiment considering color management of an LCD that is placed in an ambient light condition. In order to make the considerations simple and control the CV precisely, we used a special made LCD shown in Table 2 in 10 bits per channel mode.
Surface reflection of the LCD
When an LCD is placed in an unavoidably bright environment where ambient light is present, the light will reflect on the LCD surface, and a color will be mixed at the same time as the color displayed at the LCD.
If the tri-stimulus value of a color displayed on an LCD is (XYZ) LCD, the following equation can be obtained : (2) where C=R+G+B+E, and RGB and E are primary colors and the spectral distribution vector of the com- Also if E has no relationship with RGB , the equation
(2) will be as follows : (3) where Cb=R+G+B.
Here, the first term on the right side member is the tristimulus value of the LCD obtained through the measurement in the dark room, and the second term shows the effect of the ambient light.
With LCDs, it is expected that E has no relationship with RGB. In order to verify this issue, we performed experiments by using a facility, as shown in Table 3 shows the results. As indicated at the right two columns of the table, the difference between the tri-stimulus value obtained through the calculation and that obtained through the actual measurement was approximately 5% at largest.
Accordingly, it is concluded that LCDs affected by the ambient light can be interpreted by using the model of equation (3) where the surface reflection components are added to the coloring that is measured in the dark room.
Since these components are not dependent on the CV, it is possible to handle them equivalently with the leakage light. Therefore, if the surface reflection of an LCD placed in the bright environment is measured individually, and if such a system that handles the measurement results and the leakage light can be built, it is expected to achieve good color management even under such light-environment. In order to apply the principle experienced above to the conventional LCD commercially available, depending on the tolerances of the reproduction error, the high order matrix operation shown in Fig.16 and an ambient light sensor that makes it possible to predict reflective light must be required.
. Summary of the Experiments and Consideration

Summary of the Experiments
In the first experiment, that was thePrecise experiment, an improvement of the color reproduction error was achieved taking the leakage light into account.
However, in spite of the use of the special prototype LCD shown in Table 2 , an error between AE (94) = 6 -8, that
cannot be disregarded at a lower CV, remained as long as a use of the conventional ICC color management method.
The influence of the leakage light found large even for the LCD with a contrast ratio of 500 : 1.
In the second experiment, color management using In conjunction with the results of the second experiment, it is expected that a good result will be obtained by using a color management based on the high order matrix as well as a compensation of the surface reflection, even for an ordinary LCD. For that, a sensor that grasps ambient light conditions will be needed. visual system has been adapted to the reference white of L*=100. However, regarding the actual situation of the usage, it is quiet infrequent that a reference white of L*=100 exists within the screen of the LCD. Since it can be considered that the human visual system is adapted to an average screen display of less than L*=10018) 19) , it is generally expected that the improvements in lower intensity areas, for example, in the case of displaying images with almost an evenly low intensity, will be larger than the values given in the figure.
In the high quality LCD imaging system, in which such disturbance becomes a problem, in order to improve the specifications of total system, the displacement of the ref- In any case, if high bit depth circuit such as scRGB is only applied to a future LCD, it becomes possible to guarantee a low operation error including contour artifacts , and improvement in a color management performance can be achieved.
Conclusion
In this paper, we investigated a variety of the color management of the LCD.
First, in order to clarify the property of the LCD , the characteristics of components of the LCD were investigated. From a viewpoint of the components, in addition to the subject mentioned in a previous work , LCD has to have four subjects that are summarized at section 2 .3, which should be solved explicitly in the framework of the color management of the LCD .
In order to solve these problems and make a progress to a future, we made the three experiments , that were summarized at section 7.1.
We showed that a color management using high order matrix was effective for an ordinary LCD . In addition, for the color management of the LCD that was placed under ambient light conditions, we also showed that subtracting surface reflection of the LCD was effective .
With an improvement in bit depth , a new color management model specifically for LCD is highly expected . 
